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The energy vs. crystal momentum E(k) diagram for a solid (‘band structure’) constitutes the 
road map for navigating its optical, thermodynamic and transport properties. By selecting 
crystals with specific atom types, composition and symmetries one could design a target band 
structure and thus desired properties. A particularly attractive outcome would be to design 
energy bands that are split into spin components with a momentum-dependent splitting, 
enabling spintronic application. The current paper provides theoretical evidence for 
wavevector dependent spin splitting of energy bands1 that parallels the traditional 
Dresselhaus2 and Rashba3 spin-orbit coupling (SOC) -induced splitting, but originates from a 
fundamentally different source — antiferromagnetism. Identifying via theoretically derived 
design principles a compound (tetragonal MnF2) with the right magnetic symmetry and 
performing density functional band structure calculations, reveals surprising, hitherto 
unknown spin behaviors. Unlike the traditional SOC-induced effects2,3 restricted to non- 
centrosymmetric crystals, we show that antiferromagnetic-induced spin splitting broadens 
the playing field to include even centrosymmetric compounds, and is nonzero even without 
SOC, and consequently does not rely on the often-unstable high atomic number elements 
required for high SOC, and yet is comparable in magnitude to the best known (‘giant’) SOC 
effects. This work identifies predicted fingerprints of the novel spin splitting mechanism to 
aid its eventual experimental measurements. It envisions that the antiferromagnetic induced 
spin-split energy bands would be beneficial for efficient spin-charge conversion and spin orbit 
torque applications without the burden of requiring compounds containing heavy elements. 
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An electron with momentum 𝒑 and mass 𝑚 moving in an inversion symmetry-breaking electric field 𝑬 in a solid experiences an effective magnetic field 𝑩eff~𝑬 × 𝒑/𝑚𝑐) in its rest-frame, where 𝑐 is the 
speed of light. In bulk crystals2 this symmetry breaking electric field is given by the gradient of the crystal 
potential 𝑬 = −∇𝑉, whereas in heterostructures3 it can be produced by interfacial asymmetry, and in 
centrosymmetric compounds by the local asymmetry of individual structural sectors4. This intrinsic 
magnetic field couples the electron momentum to its spin, a relativistic effect leading to spin–orbit-
coupling (SOC) induced spin splitting of energy bands at wave vectors differing from the time reversal 
invariant moments (TRIM). In the semi-relativistic Pauli equation, the SOC is described by the Thomas5 
term 𝐻/ = − 0ℏ23454 [𝛔 ⋅ 	(𝛻𝑉(𝐫) × 𝐩)], that couples electron spin 𝛔 to its coordinate 𝒓 and momentum 𝒑, and its fully relativistic generalization. These seminal studies have formed the basis for the 
development of spintronics6–8, bringing 𝒌-dependent spin-orbit interaction to the forefront of solid-state 
physics, including applications to spin transistor, spin–orbit torque, spin Hall effect, topological 
insulators, and Majorana Fermions (see review in Ref. 9). Since the relativistic spin-orbit interaction 
increases rapidly with atomic number Z, and since the strength of chemical bonds in compounds 
decreases rapidly with increasing atomic number10, the ease of breaking such fragile bonds-- creating 
free-carrier generating metal vacancies-- has been an unwelcome but constant companion of high SOC 
compounds both for spin splitting and for topological insulators applications.11–14 This double limitation 
to high-Z and non-centrosymmetric compounds has raised hopes for an alternative spin splitting 
mechanism in thermodynamically stable, low Z compounds of more general symmetries. 
More recently, the investigation of spin splitting of energy bands has been expanded to include in 
addition to non-magnetic (NM)15 and ferromagnetic (FM) systems, also antiferromagnetic (AFM) ones, in 
particular for eliminating stray fields around FM elements.16–19 It is generally implied that such SOC-
induced splitting in the presence of background AFM may be treated just as SOC in NM materials, 
through the same Thomas term5. Indeed, BiCoO320 manifests a small change in spin splitting due to its 
antiferromagnetism, and, as shown in Ref. 20, if SOC is deliberately removed from the Hamiltonian, the 
system has zero spin splitting in the whole Brillouin Zone (BZ). Here we uncover a different AFM effect 
whereby spin splitting exists even in centrosymmetric crystals, and even if SOC is deliberately removed 
from the Hamiltonian (i.e., in low Z compounds), and persists at time reversal invariant wave vectors. 
The field-free magnetic mechanism discussed in the present paper differs also from the anomalous spin-
orbit coupling in antiferromagnets induced by applying external magnetic field, discussed in Ref. 21,22. 
 
A phenomenological theory of magnetic spin splitting has been proposed 1964 by Pekar and Rashba1, 
suggesting that the presence in magnetic compounds of a spatially inhomogeneous intrinsic magnetic 
field 𝐡(𝐫), periodic with the crystal period, can lead to coupling of Pauli matrices 𝝈 to this 𝐡(𝐫), resulting 
in a magnetic mechanism of 𝒌-dependent spin splitting. In terms of the relativistic expansion in 1/𝑐, this 
magnetic mechanism is of the same order 1/𝑐) as the Thomas term because both the Bohr magneton 𝜇G = 𝑒ℏ/2𝑚𝑐 and the field 𝐡	(𝐫) produced by electron magnetization are of the order of 1/𝑐. Because 
the 𝒌 ∙ 𝒑 formalism used in Ref. 1 did not afford an atomistic definition of 𝐡	(𝐫) and its ensuing spin 
splitting, nor did it provide for guiding principles to select a target material for investigating such effects, 
examination of these 1964 ideas1 remained dormant for a long time. 
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To select a compound for direct magnetic 𝒌-dependent spin splitting we inspect the underlying 
symmetry requirements (‘design principles’). Since in non-magnetic materials the combined symmetry 
of time reversal	𝜃 and spatial inversion 𝐼 ensures double degeneracy for arbitrary wave vector 𝒌, the 
appearance of spin splitting requires violation of 𝜃𝐼 symmetry. To break 𝜃𝐼 in NM cases it is enough to 
violate the inversion symmetry 𝐼,  i.e., to consider non-centrosymmetric structures. However, in 
magnetic crystals, where 𝜃 is already violated due to magnetic order, absence of 𝐼 symmetry is neither 
necessary nor sufficient condition of breaking of 𝜃𝐼, hence does not necessarily lead to the removal of 
spin degeneracy. Actually, even for a centrosymmetric magnetic structure, where 𝐼 is preserved but 𝜃𝐼 is 
broken, one can still have 𝒌-dependent spin splitting contributed by both SOC mechanism and magnetic 
mechanism. We note that depending on the existence or absence of additional symmetries, one can 
have additional types of AFM-induced spin splitting, e.g., not necessarily centrosymmetric (see 
supplementary I). Since the existence of 𝒌-dependent spin splitting even in centrosymmetric crystals is 
one of the most significant differences between the SOC mechanism and the magnetic mechanism, we 
proceed here with the above noted ‘design principles’, namely focus on AFM insulating and 
centrosymmetric compound that violates 𝜃𝐼 symmetry.  
 
To this end, we search the Bilbao listing23 of symmetry of magnetic compounds, select AFM 
tetragonal MnF2 having magnetic space group P42’/mnm’ as complying with the above noted 
symmetries. MnF2 is a wide gap insulator both below and above its Néel temperature of 67K.24 It is a 
centrosymmetric rutile structure (space group P42/mnm), with magnetic Mn ions occupying position (0, 
0, 0) and (1/2, 1/2, 1/2) centered in an octahedral of non-magnetic F anions located at ±(u, u, 0) and 
±(1/2+u, 1/2-u, 1/2) where u is the positional parameter. The refinement X-ray diffraction results25 gave 
the positional parameter u=0.305, and lattice constant a=b=4.873 Å, c=3.311 Å. Erickson26 found via 
neutron scattering measurements the AFM moment aligned along the tetragonal axis (i.e., [001]) with 
magnetic space group of P42’/mnm’. The magnetic crystal unit cell is shown in Figure 1(a). 
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Figure 1 | Crystal structure, band structure and spin splitting in centrosymmetric AFM tetragonal MnF2. 
(a) Magnetic unit cell where red arrows indicate local magnetic moment; (b) contour plot of 
magnetization along z in 𝑧 = 𝑐/2 plane; (c) DFT calculated band structure with our calculated magnetic 
symmetry representations (see supplementary section II), using the notations of Ref. 27 with numbers in 
parenthesis indicating the dimension of the representation (i.e., degeneracies).  The top four valence 
bands are denoted by V1, V2, V3, V4 and the yellow screen highlights the gaps between valence and 
conduction bands. Insert of (c) shows the BZ and the blow-up bands around R point. The blue to red 
color scale denotes calculated out-of-plane spin polarization. Panels (d, e) show DFT calculated wave 
vector dependence of the spin splitting between pairs of valence bands V1-V2 (in (d)) and between V3-
V4 (in (e)) for different scaling of SOC 𝜆OPQ  (numerical coefficient 0 < 𝜆OPQ < 1). Insert of (d) shows the 
spin splitting vs. the amplitude of the spin orbit coupling 𝜆OPQ  at Γ (0, 0, 0), R (0, 0.5, 0.5) and the middle 
point of Γ-M (0.25, 0.25, 0). All DFT calculations use PBE exchange correlation functional28 with on-site 
coulomb interaction on Mn-3d orbitals of U= 5eV, J= 0 eV and the experimental crystal structure 25. 
 
We calculate the relativistic electronic structure of AFM MnF2 within density functional theory (DFT) 
(see description of DFT method in supplementary section II). Fig 1(b) provides the calculated 
magnetization 𝑚U(𝒓) = 𝑚↑(𝒓) − 𝑚↓(𝒓) in the c=z/2 plane, with 𝑚↑and	𝑚↓(𝒓) representing the up and 
down spin electron density. Our DFT calculation uses a modality that allows us not only to isolate the 
spin splitting of the experimental structure (having both AFM and SOC terms), but also to perform self-
consistent constrained calculations, where we solve the DFT equations for different SOC strengths 
(including zero) of AFM phase. The tuning of SOC strength is done by adjusting the coefficient 𝜆OPQ  of 
the SOC term 𝐻[OPQ = 𝜆\]5𝑳_ ⋅ 𝑺[ in the DFT formalism29 To assess the AFM magnetism effect we also 
define a reference NM model, where the magnetic moment on each site is zero, resulting in a metallic 
state. We emphasize that the NM model is not used to mimic the physical high temperature 
	 5	
paramagnetic phase that has a distribution of non-vanishing local magnetic moments that creates an 
insulating gap even in the absence of long-range order.30,31 Figure 1(c) gives the band structure of the 
AFM phase calculated with SOC in its experimental crystal structure. We find a z oriented magnetic 
moment on Mn2+ of 4.7 𝜇G , in good agreement with the neutron scattering measurement of 4.6 𝜇G. We 
also find calculated minimum direct gap at Γ of 4.02 eV and a smaller indirect gap between VBM at X 
and CBM at Γ	of 3.98 eV, comparable with the measured absorption gap32 of 4.1 eV (estimated from the 
convergence limit of the observed series of discrete d-d* multiplet transitions into the onset of band-to-
band continuum). 
To assist future measurements of the predicted AFM-induced 𝒌-dependent spin splitting (e.g. via 
ARPES and spin-ARPES) as well as potential applications in novel spintronics we next describe the main 
predicted features of the AFM-inducers spin splitting.   
 
 (i) The splitting has a typical atomic energy scale (“giant splitting”): Despite rather small atomic 
numbers in MnF2 (Z(Mn)= 25 and Z(F)= 9), the magnitude of the spin splitting (up to 300 meV seen 
between V3 and V4 along Γ-M in Figure 1(e)) arising from the AFM mechanism can be comparable to 
some of the largest known spin splitting of conventional electric mechanism for heavy atom high Z 
compounds, such as the ‘giant SOC’ induced spin splitting in BiTeI33 and GeTe34,35. The reason for the 
difference is that the magnetic field which induces the splitting in AFM reflects the local magnetic 
moments localized about atomic sites, not as in the SOC effect where the inducing magnetic field 
reflects the asymmetry in the inter-atomic regions of the unit cell. 
 
 (ii) The splitting persists even if SOC= 0: The spin splitting along the Γ-M and Z-A lines is present even 
when SOC is turned off in the Hamiltonian (black line in Figure 1(d) and (e); also shown in the insert of 
(d)). This is very different from the case of spin splitting found in AFM BiCoO320, where spin splitting 
disappears if SOC vanishes. Such momentum dependent but SOC unrelated spin splitting has also been 
reported recently based on tight-binding model36 from which the authors derive symmetry invariant 
spin splitting terms. Thus, the AFM-induced spin splitting mechanism described here delivers the long-
standing hope for wave vector dependent spin splitting mechanism in thermodynamically stable, low Z 
compounds.  
 
 (iii) Relative to the NM case, AFM induces a highly anisotropic and k-dependent spin splitting: We 
show in Figure 2 the band structures of centrosymmetric MnF2 in two cases (a) NM without SOC; (b) 
AFM without SOC. In both cases we indicate the degeneracies of states, calculated by DFT shown as 
integer values. In this description the NM model (where spin up and spin down have the same energy) is 
metallic because the five d electrons of Mn2+ occupy only partially the six degenerate crystal field t2g 
states. Going from the NM model to the AFM phase, local moments are allowed to develop and spin up 
states acquire different energy relative to spin down. This exchange type interaction opens an insulating 
gap between spin up and spin down orbitals as the five Mn d electrons occupy a complete shell 
configuration of 𝑡)b↑c 𝑒b↑) 𝑡)b↓d 𝑒b↓d .  
An important manifestation of the AFM- induced spin splitting (Figure 1(c)) is that whereas in the NM 
structure, the whole BZ, including directions Γ-X and Γ-M, have double degenerate non split bands, in 
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the AFM structure spin splitting arises even in the absence of SOC but it is wave vector dependent: 
bands remain degenerate along the Γ-X directions, but become spin split along the Γ-M direction. Such 
anisotropic spin splitting was already hinted by the asymmetric in magnetization in coordinate space as 
shown in Figure 1(b) between 𝒙 + 𝒚, 𝒙 − 𝒚 and 𝒙, 𝒚 directions. This behavior is understandable on the 
basis of magnetic symmetry (See supplementary III for discussion of unitary and anti unitary 
symmetries): the AFM ordering does not lead to symmetry reduction along the Γ-X paths, relative to its 
NM counterpart. The resulting spin degeneracy along 𝑘i (or 𝑘j) direction of Γ-X in AFM is protected by 
its group of 𝒌 symmetries 𝜃{𝐶)i|𝝉} and 𝜃{𝜎qj|𝝉} (or 𝜃{𝐶)j|𝝉} and 𝜃{𝜎qi|𝝉}. In contrast, along the Γ-M 
paths, in AFM the combined symmetries of 𝜃{𝐶)r|0} and 𝜃{𝐶)s|0} (or 𝜃{𝜎tr|0} and 𝜃{𝜎ts|0}) are 
broken, which creates spin splitting. Here, 𝐶)i, 𝐶)j,	𝐶)r, 𝐶)s are 𝜋 rotations about the [100], [010], 
[110], [1-10] axes, respectively; 𝜎qi, 𝜎qj,	𝜎tr, 𝜎ts are mirror reflections in (100), (010), (1-10), (110) 
planes; and vector 𝛕	= (1/2,1/2,1/2) is half lattice translation, directed along the spatial diagonal [111] of 
the unit cell. Similar arguments (given in Supplementary section III) apply for spin degeneracy along Z-R 
and spin splitting along Z-A in Figure 1(b). 
 
(iv) The AFM mechanism gives rise to even powers of k in the spin splitting near degeneracy points 
compared with odd powers typical of the electrically-induced effect Of special interest in Figure 1 (c) is 
the diagonal Γ-M and Z-A line in the base 𝑘w = 0 plane of BZ, showing large spin splitting while at the 
end of these k-lines the splitting vanishes. It is of interest therefore, to establish how the splitting 
changes near its end points. By fitting the DFT calculated spin splitting Δ\\(𝒌) to the power of k, we 
found a quadratic-in-k dependence at Γyz{ and M{zy (see details of fitting in supplementary VI). These 
remarkable features of the spin splitting around Γ and Z can be captured via a two-band effective spin 
split model 𝐻 = 𝜎w𝑘i𝑘j (invariant term second order in 𝒌), which gives rise to two spin split bands with 
energy 𝐸± = ±𝑘i𝑘j. (See derivation of the AFM effective model at Γ and Z for the presence or absence 
of SOC in Supplementary section V). Such analytic, symmetry determined effective Hamiltonians are 
then fit to DFT (rather than attempting a KP solution) to establish the pertinent realistic energy scale.  
This proves that the spin splitting Δ\\(𝒌) = 𝐸 − 𝐸z has a 𝒌) dependence along the diagonal 𝑘i = 𝑘j 
directions of Γ-M and Z-A, as found by direct DFT calculations. 
 
 
Figure 2 | DFT band structures of Centrosymmetric (CS) MnF2 in NM and AFM without SOC. In all cases 
we use the experimentally observed centrosymmetric tetragonal structure25: (a) NM with SOC set to 
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zero; (b) AFM with SOC set to zero. Out-of-plane spin polarizations are mapped to color scales from blue 
to red. The integer number attached to each band and 𝒌 point is degeneracies. 
 
(v) A Dresselhaus in-plane spin texture results from a cooperative SOC and AFM effect: The coupling 
between spin space and position space results not only in spin-splitting of the energy spectrum, but also 
in developing “spin-momentum locking” where the spin orientation is locked with momentum 𝒌. The 
vector field of the spin states in momentum space is called spin texture, being helical for the 
conventional Rashba SOC mechanism3 and non-helical for the Dresselhaus mechanism2. The spin texture 
for AFM-induced spin splitting has its own fingerprints. Figure 3 shows the calculated spin texture of the 
V1 and V2 bands at the representative 𝒌-plane 𝑘w = 𝜋/2𝑐 where 𝑐 is the lattice constant along 𝑧 axis. 
We see that, electron spins are mostly aligned along the out-of-plane z direction, as can be surmised 
from the magnetic structure (see Figure 1(a)). This is seen in the four quadrants patterns on a fixed 𝑘w 
plane with positive (up arrow in Figure 3(a) and (b)) and negative (down arrow in Figure 3(a) and (b)) 
out-of-plane spin polarization in the neighbor quadrants. The out-of-plane spin polarizations are 
opposite in sign between bands V1 and V2, as noted by the reversal of the red and blue patterns for V1 
and V2. Similar four quadrants pattern of out-of-plane spin polarization is also found in the 𝑘w = 0 and 𝑘w = 𝜋/𝑐  planes (see corresponding spin texture results in Supplementary section VI). More 
interestingly, inspecting the 𝑘w = 𝜋/2𝑐 plane in Figure 3 shows a pronounced in-plane non-helical 
Dresselhaus-like spin texture in the z-oriented magnetized AFM compound given that the crystal 
structure is centrosymmetric that normally is required to break to assure Dresselhaus features4. We find 
that this Dresselhaus spin texture seen here requires for its existence the SOC term (it vanishes as the 
SOC is removed from the Hamiltonian), and thus represents the effect of coexistence of SOC with AFM 
(see cooperative effect on spin splitting in section VII). Observation of this unusual spin texture is called 
for. 
 
 
Figure 3 | Spin texture in AFM MnF2 with SOC on 𝑘w = 𝜋/2𝑐 plane. (a) Out-of-plane spin texture of V1 
band, (b) out-of-plane spin texture of V2 band, (c) in-plane spin texture of V1 band, and (d) in-plane spin 
texture of V2 band. 
 
(vi) Different wavevectors can have different dependence on SOC:  The insert of Figure 1(d) shows 
different characteristic behaviors of the dependence of spin splitting Δ\\(𝒌) on spin-orbit strength at 
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different 𝒌 points:  (1) The trivial case (e.g. Γ point) is that neither magnetic nor SOC induces any 
splitting; (2) the R point shows zero spin splitting when 𝜆OPQ = 0 and linear dependence of 𝜆OPQ  , 
illustrating a cooperation of both magnetic and SOC mechanism; notice that despite R being a TRIM 
point, it shows spin splitting, unlike the case of purely SOC induced effects; (3) the non-trivial case of 
purely magnetic induced spin splitting occurs along Γ-M (as well as A-Z) line, where non-zero spin 
splitting is present even at 𝜆OPQ = 0  and is almost independent of  𝜆OPQ . The appearance of such 
distinct spin splitting behaviors at different wave vectors in a single compound would be advocated for 
multifunctional spintronic applications. 
 
 
 
DISCUSSION   
. 
An AFM-induced mechanism of the momentum-dependent spin-splitting of spin energy bands offers 
important advantages relative to the traditional electric mechanism of spin splitting2,3 that relies on high 
SOC compounds made of heavy elements, some of them prone to structural defects.  The two main 
observations are (i) giant magnitude of spin splitting, of potential critical importance for applications, 
and  (ii) developing spectacular difference between (𝑥, 𝑦) and (𝑥 + 𝑦, 𝑥 − 𝑦) axes that are equivalent in 
non-magnetic case  but becomes drastically nonequivalent in AFM phase. The role of the dynamic 
internal magnetic field in the traditional SOC spin splitting2,3 (induced by electron movement in an 
electric field) is replaced in AFM compounds by the static magnetic field  which does not vanish even if 
SOC=0, and couples the spin with the magnetic order to the wave vector k. This study uncovers a very 
rich set of fingerprint fundamental physical effects [(i)-(vi) above], primarily the giant spin splitting that 
characterizes the AFM mechanism and could aid its experimental observation as well as potential 
exploratory applications in novel spintronics. The present symmetry-based theory with atomistic 
resolution enabled by DFT instills content into the 1964 phenomenological theory by Pekar and Rashba1 
proposing a pioneering magnetic spin splitting mechanism.  
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